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A Standard Model-like Higgs particle has been
discovered by the ATLAS and CMS experiments at CERN

We see evidence
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But we cannot determine the Higgs couplings very accurately
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Large Variations of Higgs couplings are still possible
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As these measurements become more precise, they constrain possible
extensions of the SM, and they could lead to the evidence of new physics.

It is worth studying what kind of effects one could obtain in well motivated
extensions of the Standard Model, like SUSY.



In supersymmetric theories, there is one Higgs doublet that behaves like the
SM one.

Hgyr = Hycos B+ H,, sin 3, tan 8 = v, /vy

The orthogonal combination may be parametrized as

H+11A
n= (i)
where H, H* and A represent physical CP-even, charged and CP-odd scalars
(non standard Higgs).

Strictly speaking, the CP-even Higgs modes mix and none behave exactly
as the SM one.

h = —sina Re(HY) + cos o Re(H))

In the so-called decoupling limit, in which the non-standard Higgs bosons
are heavy, sin @ = — cos § and one recovers the SM as an effective theory.



Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass m, * tan beta *the top quark mass
. N Mz—( mg +m; + D, m, X,
the stop masses and mixing t m, X, m? +m? +D,

M,, depends logarithmically on the averaged stop mass scale M¢ ;v and has a quadratic and
quartic dep. on the stop mixing parameter X,. [ and on sbotton/stau sectors for large tanbeta]

For moderate to large values of tan beta and large non-standard Higgs masses

3 mil1 - 1 3m? -
2 2 2 ' ! 2
m: =M:cos 20+ — X +r+ — —32mo \ X .t +t
h 7 ﬁ 4_7'52 V2 |:2 t 16.7-[2 (2 V2 3)( t )]
. 2x? X2 »
f = 10g(M§Usy/mt2) X, =—" (1 - - ) X, =A, — u/tan f —LR stop mixing
MSUSY 12‘]\4SUSY

M.Carena, J.R. Espinosa, M. Quiros, C.W.‘95
M. Carena, M. Quiros, C.W.95

Analytic expression valid for Mgy~ Mg~ my



Standard Model-like Higgs Mass

Long list of two-loop computations: Carena, Degrassi, Ellis, Espinosa, Haber, Harlander, Heinemeyer, Hempfling
Hoang, Hollik, Hahn, Martin, Pilaftsis, Quiros, Ridolfi, Rzehak, Slavich, C.W. Weiglein, Zhang, Zwirner

Carena, Haber, Heinemeyer, Hollik,Weiglein,C.W.00
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G.Lee, CW’I3

Case of heavy Stops

(See also S. Martin’07,

P. Kant, R. Harlander, L. Mihalla, M. Steinhauser’ |10

J. Feng, P. Kant, S. Profumo, D. Sanford’13,)
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Impact of higher loops
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Recalculation of RG prediction including up to 4 loops in

RG expansion.

Agreement with S. Martin’07 and Espinosa and
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in corresponding limits.
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S\ = {2073&5 + 51840\*y? + My2(21600y? — 2304042)

+ A2y2(—=30780y; — 18720¢2y? + 14400g3)
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G.Lee, CW.'13



Non-Standard Higgs Production

QCD: S.Dawson, C.B. Jackson, L. Reina, D.Wackeroth, hep-ph/0603 112

g b
Associated Production
""""" H,A
...... &
b
8 Gluon Fusion
........................... b
"""" H,A
b
...... 8 i
N N my, tan 3 N _my tan 3
gAbb = JHbBY = (1 T Ab)v’ gArr = JHr = —v



Searches for non-standard Higgs bosons
M. Carena, S. Heinemeyer, G.Weiglein,C. WV, EJPC’06

® Searches at the Tevatron and the LHC are induced by production channels
associated with the large bottom Yukawa coupling.

tan® (3 y 9
1+ A% (1+A)°>+9

og(bbA) x BR(A — bb) ~ o(bbA)sm

tan® (3
(1+Ay)°+9

o(bb,gg — A) x BR(A — 77) ~ o(bb, gg — A)sm

® There may be a strong dependence on the parameters in the bb search
channel, which is strongly reduced in the tau tau mode.

M. Carena, S. Gori, N. Shah, C.W. and L.T.Wang, arXiv:1303.4414

Below the top threshold or at moderate or large tan (last term associated with light staus) :
m3 tan? (3

olpp— (H,A) = 7777) Y A
m?2 2 % 1 b)? 2
{(3 b (Mh Mg ) ))(1+AT)2+(1+A5)2<1+£—5)]

2 2 tan?2
mz mz tan® g3 4



In the MSSM, non-standard Higgs may be produced
via its large couplings to the bottom quark, and
searched for in its decays into bottom quarks and tau leptons
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How to test the
region of low tanbeta
and moderate mA?

Decays of non-standard
Higgs bosons into paris
of standard ones, charginos
and neutralinos may be
a possibility.

Can change in couplings help
there ?

It depends on radiative corrections

See
Carena, Haber, Logan, Mrenna 0|



Small differences in final analysis... Small excess at 200 GeV
and tanf of order 10 ?

Large mixing will affect the SM-like Higgs behavior.
Can we control these mixing effects ?
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Alignment in two Higgs
Doublet Models

Carena, Low, Shah, Wagner’13

Understanding Jack

Gunion, Haber ‘03



Alignment in General two Higgs Doublet Models
H. Haber and J. Gunion’03
V = m2, 010, + m2,eld, — m2, (1D, + hoc.) + %Al(cb{@l)? + %Az(cb;cbzf
F3(DT D) (DI Dy) + Ay (DT D) (DI D,)
+ {%Ag)(qﬂ%f + [6(D1D0)) + A (1) | DT Dy +- h.c.} ,

In the MSSM, at tree-level, only the first four M= A =—(F+g2) = ;Z :
couplings are non-zero and are governed by D- . 21
terms in the scalar potential. At loop-level, all of A3 = 1(9? —03) = —U—zz + 595 :

them become non-zero via the trilinear and quartic 1,

interactions with third generation sfermions. A= o2

Haber, Hempfling’93

M — My Mo Em?q 3% —S85C3 +U2 Ly Ly
Mis My, —S85Cp C% Lis Lo
L11 — )\16% -+ 2)\68565 + )\58% ,

ng = ()\3 + )\4)8565 + )\66% + )\78% ,

LQQ — )\28% + 2)\78505 + )\5(3% .



Couplings of SM Higgs to Fermions and Gauge Bosons

Down-type Fermions

Ghbohrr = —hprsina + Ahy, - cos o
B mMp - SIN ¢ | Ay -
IhbbhrT = T os B+ Ayr) tan 3 tan a
Up-type Fermions
My COS
htt = ————5
vsin g
Gauge Bosons
ghww.hzz = sin(f — a)
COS «x sin o
~ sin(f — « — = sin(f — a) — tan B cos(8 — «
sin 3 (6 ) cos 3 ( ) ( )

The BR can still be affected by variations of the bottom
and tau couplings.



CP-even Higgs Mixing Angle and Alignment

M. Carena, . Low, N. Shah, C.W/, arXiv:1310.2248

2
Sin @ = Mis
\//\/l , + (M2, —m2)°

—tan 8 Mi, = (M7, —mj)

> sina = — cos [
Condition independent of the CP-odd Higgs mass.

s% —53Cp —Sa | _ _U_Q L1 Lo —Sa +m_i —Sq
—S5Cp C% Cq, m?‘l L12 LQQ Cq m124

Ca



M. Carena, . Low, N. Shah, C.W/ 13
Alignment Conditions

(m; — \v?) + (m7 — 5\32)2)75% — 02(3)\6755 + )\715%) :
(m7 — Xov?) + (M7 — 5\31)2)7552 = 1)2(3)\77551 + )\67553)

If fuIFIIed not only alignment is obtained, but also the right Higgs
mass, mh — )\SMUQ with Agv ~0.26 and M3+ M+ X5 = A3

Asm = Ap cos? B+ 4)g cos® Bsin B + 223 sin? Bcos? B+ 4\7sin® Bcos B+  Agsin?

® For \¢ = Ay = 0 the conditions simplify, but can only be fulfilled if

A > dsu > A3 oand Ay > gy > A3,

e Conditions not fulfilled in the MSSM, where both  \;. \3 < Agum



Deviations from Alignment

The couplings of down fermions are not only the
ones that dominate the Higgs width but also tend
to be the ones which differ at most from the SM ones

1 _ _
gy = (1 - 5%2772) gv guavv R tgn gy
Gnaa = (1 —=n)gr grda = tg(1+ %277)91‘
Jhuu ~ (1 T t[;277) gf JHuu ~ _t[;l(l o 77)9f

For small departures from alignment, the parameter N can be determined
as a function of the quartic couplings and the Higgs masses

— 1
:3% (1—%) :S%BBA’ B-—A=— 5 ( mi + Agv’ 85+)\7v sﬁt5+3)\6v SgCa + A\ cﬁ)

/\/l c 2
B = i, — (mi + )\57)2) Sg + )\11)2—5 + 2)\6?}205 _
55 tg 5p




Down Fermion Couplings for small values of u

Only Loop22 relevant
(stop contribution)

v2Li1 = M2 cos? B + Loopll

For tan 8 > 5 and m > 200 GeV

v2 L1y = — M3 cos Bsin 8 + Loop12 _ m? + M3
v% Loy = M2 sin? 8 + Loop22 sina =~ —cos 3 m% — m?

Suppression factor in the LHC channels at
the 2012--2013 run

8hdd / &hddey
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Carena, Low, Shah, C.W/ |3

Enhancement of bottom quark and tau couplings independent of tan 3



MSSM at large values of
€ At large values of ju, corrections to the quartic

couplings A5 ¢ 7 become significant.

€ For nonvanishing values of these couplings, a new
condition of alignment at large tan  is obtained

AsM — A3

tan 8 = ~

)\2 ~ )\SM

@ Alignment for tan 8 ~ 10 may be obtained, making
difficult the test of the “wedge” by coupling variations.



M. Carena, |. Low, N. Shah, C.W13

Impact and Size of Loop Corrections

Considering
ALy = A7, ALp=A (A 4+ A4), ALy = As, ALy = ;.

The condition of alignment reads

o o Nt Rue _ AR, 120 - 3207 (AL + ALp)
an p =~ =
)\7 327’(’2AL12

where the loop corrections are approximately given by

A A A P4,  hiulA
X Mg tAr . T T
M( o) T

,02

2
ALqo ~~
Va2 = a0 g

J

MSUSY

2 2 2 2 2 2 2

2AF v 4_ M Aj 4_ M Ay 4 M A7

EINS lh <3_ )m_(s_—)m (3__)] |
162 | MSQUSY MSQUSY ’ MSQUSY MSQUSY 3M%2 M%Q

PAL, o - (hfu2A? Lty hiﬁfﬁ)

+
321 \ Mgusy — Msusy 3M:



Higgs Decay into Gauge Bosons

Mostly determined by the change of width
Carena, Haber, Low, Shah, C.W."14

Small p (No Alignment)
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In the MSSM, non-standard Higgs may be produced
via its large couplings to the bottom quark, and
searched for in its decays into bottom quarks and tau leptons

CMS Preliminary, Vs = 7+8 TeV, L = 17 fb
u 50 L] ' L) L L) l L} L 1 l L) 1 ]

E 45 95% CL Excluded Regions
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How to test the
region of low tanbeta
and moderate mA?

Decays of non-standard
Higgs bosons into paris
of standard ones, charginos
and neutralinos may be
a possibility.

Can change in couplings help
there ?

It depends on radiative corrections

See
Carena, Haber, Logan, Mrenna 0|



The 7-phobic Higgs scenario

(Alignment)
Suppression of down-type fermion couplings to the Higgs due to Higgs mixing

effects. Staus play a relevant role. Decays into staus relevant for heavy
non-standard Higgs bosons.
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M. Carena, S. Gori, N. Shah, C.W.and L.T.Wang, arXiv:1303.4414

m? tan® 3

™oy (M3v+M%)(”A”)2> (14 A2 4 (1+ Ap)? (1 + 2—;)]

m2 tan? 8

mod .
] mh SCENario
M. Carena, S. Heinemeyer, O. Stal,
C.E.M. Wagner, G. Weiglein,
arXiv:1302.7033

60

mod-
m,"*", M, = 2000

BR <0.1
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e  LHC excl. (M, =200)

. LEP excl.

1 u=200GeV

u = 2000 GeV

200 400 600 800 1000
M [GeV] 400 600 1000
A M, [GeV]

Reach of non-standard Higgs bosons in tau decays modified
Opportunity for dedicated search of these decays.

Also BR(H — hh) may become important
for small values of tan (3



tan 8

tan 8

Precision Coupling Constraints in the mhmax Scenario

o (bbH/A+ggH/A) x BR(H/A - 7 7) (8 TeV)

o(bbH/A+ggH/A) x BR(H/A - 7 7) (8 TeV)

200 300
ny (GGV)
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o my™*, u =400 GeV
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o my™*, u=2TeV

o my™*, u=200 GeV

o my™, 4 = 800 GeV
o my™, =200 GeV

Carena, Haber, Low, Shah, C.W."14

o (bbH/A+ggH/A) x BR(H/A - 7 7) (8 TeV)
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Lower bound

on the CP-odd
Higgs mass

may be obtained



Precision Couplings in the Alignment (tauphobic) scenario

No bound on mA may be set, but complementarity withH-> tt
searches becomes very useful. Constraints are stronger due to the
absence of neutralino decays for large values of u

Carena, Haber, Low, Shah, C.W.’14

o(bbH/A+ggH/A) x BR(H/A - 7 7) (8 TeV)
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o(bbH/A+ggH/A) x BR(H/A - 7 7) (8 TeV) Carena, Haber, Low, Shah, CW."14

15¢

0 my™*, u=200 GeV, CMS-PAS-HIG-13-021

o Required my™** limit to exclude u=2 TeV

200 220 240 260 280 300 320 340
my (GeV)



Bounds on tanf3 in the mhmax scenario that would
translate on wedge exclusion in the large u scenario

Carena, Haber, Low, Shah, C.W."14
O'(be/A+ggH/A) x BR(H/A - 77) (8 TeV)

15}
1 my ™, u=200 GeV, CMS-PAS-HIG-12-050

o my™, u=200 GeV, CMS-PAS-HIG-13-021

o Required my™** limit to exclude u=2 TeV

If this happens, the whole
wedge may be closed, either
by precision h measurements
or by H,A -> t 1 searches

200 220 240 260 280 300 320 340
my (GeV) But we are not there yet !



Blind Spots in Direct
Dark Matter Detection

Huang, CW.'14



Spin Independent Cross Sections

Higgs and Neutralino Mixing

| vx -
] H:
5 Y= Nj; B4+ Ny W+ N3 Hy+ Ny H,

/\ Effective Neutralino Coupling to the Higgs
q q 9yxh ™ (glNz'l — QQNZQ)(_ COS Ni4 — sin « Nzg)

gXXH ~ (glNil — gQNZQ)(_ SIn o Nz‘4 —+ COS &« Nzg)

(cosa H, —sina Hy)

(sinav Hy 4 cosa Hy,).

Sl

Effective Amplitude of the down type quark diagram :

N;1 — goN; 1 1 in? 2
ma(g1Ni1 — g2 Ni2) [Nm Sl 0 oS O (_2 B _2) LN, (snl 2@ N cosza)]
cos 3 my My mi miy

aq ~



Neutralino Coupling and Amplitudes : Parameter Dependence

N — o, 11 in? >
0~ ma(g1Ni1 — g2Ni2) [Nm o8 O < ! > N <81n2a N 008204)]
cos 3 m;  miy my My

Pierce, Shah ‘ 14
Nz ~ (my cos 8+ psinB)

Niy ~ (mysin B + pcos f3)

Value of the effective amplitudes :

maq

1 1
g ~ [COS B(m, + psin2p) o (4 sin 5 cos 23 —2]
h

cos 3 m2;

My | . : 1 1
Ay ~ S0 [smﬁ(mx + psin 23) m_i + pcos B cos 23 m—%]



Effective Cross Sections : Parameter Dependence

Effective amplitude for Spin Independent Scattering with Nucleons

( Z qu— + 27fTG Z . ) My

q=u,d,s q= cbt
Fu= fu+2x 2 fre =015 Fi= fra+ frs+ % fre = 0.14

fre = 0.01740.008, frqy =0.028 £0.014, fry = 0.040+0.020 and frq ~ 0.91

1 1Y
~ [(Fd + F,)(m,, -I-/Lsin%)m -|-Mtan500325(—Fd-|—Fu/tan2 5)m—2
; H

First term characterizes the interactions with the SM-like Higgs

Second term, interactions with the heavy Higgs Cheung,Hall,Pinner,Ruderman’12
Huang,C.W. 14
Generalized Blind Spot : . 1 1
2 (my + psin28)— ~
mpy, Mgy

Cancellation of left-hand term leads to the traditional blind spot
Negative p reduces the coupling of light Higgs and generate destructive
interference between light and heavy CP-even Higgs amplitudes !
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Spin Independent Cross Sections at Traditional Blind Spots

m, + psin28 = 0

tan = 50, 4 ~ ~25 M,
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Conclusions

Among the future studies in HEP, some of the most important are related
to the search for new Higgs bosons, Dark Matter and precision Higgs
couplings

Alignment puts these Higgs searches in a new perspective. Thanks, Jack !

Interesting complementarity in the MSSM between direct searches and
precision measurement

Direct Dark Matter detection may be affected by the presence of blind
spots, which have an influence in the whole allowed MSSM parameter
space for negative values of p.



Happy Birthday Jack !



